Abstract
Introduction

48
As groundwater moves through an aquifer, it often undergoes chemical 
where applied to the last term of ADRE to account for the over-estimated reaction
66
[12, 7, 6, 13]. Unfortunately, the coefficient value is difficult to determine 67 and varies from case to case (and scale to scale) [6, 8] .
68
Laboratory and numerical experiments (e.g., [8, 5, 12] ) revealed that 69 incomplete mixing is primarily responsible for the reduced reaction rates.
70
The dispersion term in Eq. (1) 
75
[8] theorized (and showed numerically) that the simple bimolecular reaction term is forced to account for both the spreading and the dilution, or mixing,
88
of the species [22, 23] .
89
The mixing that leads to reaction is often limited to transverse dispersion 90 and diffusion. In porous media, these mechanisms are orders-of-magnitude 91 lower than longitudinal dispersion [5, 24, 22, 14] . In recent studies, both in free fluid flow without the structure imposed by porous media.
98
A series of theoretical studies [6, 29, 9] showed that the upscaled equations 
where C P (x, t) is product concentration, and C 0 is the constant flux concen- 
Methodology of Particle Reaction and Transport
184
Our particle tracking algorithm separately simulates transport and reac-185 tions in any given time step. For reaction, the model assumes that molecular 186 diffusion dictates the probability that reactants can mix and react at the 187 pore-scale. The probability density for particle co-location is calculated as of two of these Gaussians, which is also Gaussian but with variance 4D m ∆t.
194
For computational efficiency, Benson and Meerschaert [29] approximated the
195
Gaussian with a piecewise linear "tent" function with the same variance:
6
The differential co-location probability v(s)ds is approximated with a 197 finite volume v(s)∆s and combined with the thermodynamic probability to 198 find the total probability of reaction using
where
] is the reaction rate constant, ∆t is the time interval, Ω from the domain and a P particle is placed randomly between the initial A
211
and B particle locations.
212
The advection-dispersion process for each particle is simulated over a time 
where X(t) is the location of a particle at time t, u is the average pore water 
Methodology of Instantaneous Reaction Simulation
245
A cursory look at Eq. (4) would suggest that instantaneous reactions 246 (k f → ∞) would require ∆t → 0 to keep the probability less than unity. This 247 is clearly impossible for the numerical method, so we seek an approximation.
248
Benson and Meerschaert [29] showed that the coefficient k f incorporates both un-stirred system, the point-wise law of mass action is assumed to be valid, 253 and we may interpret this as the finite volume associated with a particle, 254 with the rate k f is tied to that volume. Therefore, we require that coincident 255 particles (s = 0) will react with probability one for essentially instantaneous, 
All of the parameters on the right hand side are known; therefore, this equa-259 tion gives a constraint on the combination of effective k f and ∆t that may 260 be used to simulate an instantaneous reaction.
261
To determine whether a given reaction fits within this "instantaneous" Table 1 . The number of initial particles was not rigorously optimized, 
330
The variability of the simulated concentrations, reflected in the standard 331 deviations, is directly linked to particle numbers and incomplete mixing. As 332 the number of particles goes to infinity, concentration variability goes to zero 333 and the simulated reaction is perfectly mixed [29] . As the number gets very 334 small, all of the reactant mass is in a few particles that are unlikely to come 
Reaction Zone Tails
347
Besides the subdued peak product concentrations, another important The product zone tails of these experiments already have generated some (Fig. 7) . We test this by using the reaction rate over an order of magnitude larger to 414 satisfy instantaneous reaction "criteria" (Fig. 7) . While there is residual 415 effect of increasing the rate coefficient, it appears that the thermodynamic 416 part of the probability is not the determining factor in these simulations. 
Particle Numbers
421
It may appear that the number of particles used to represent the reac-422 tants is a free parameter. However, Benson and Meerschaert [29] showed 423 that the number of particles is directly related to the time of onset of reac-424 tant self-segregation and reduced reaction rates in simple diffusion systems.
425
Using more particles means that the reactant concentrations are smoother 426 functions of space, i.e., more perfectly mixed. We may test the sensitivity 
We can estimate the size and variance of concentration perturbations us- (Fig. 9b) (Fig. 9c) . Each vertical column of pixel colors, upon FFT, has several 479 frequencies that dominate, revealing some coherent structures. These (spa-480 tial) frequencies are typically in the range of 2 to 4 times the inverse of the 481 column width of 50 pixels. Note that the mean value of each color, which is 482 irrelevant here, is removed before each FFT so that the zero frequency value 483 is zero. This has no effect on the other frequencies. We automated the identi- 
Conclusions and Recommendations
498
In this study, we implement a novel particle tracking method that calcu-499 lates the probability that any two particles under general conditions of ad- . For all runs simulating instantaneous reaction, using the higher number of particles (N = 6, 000), the model predicted that the product concentration over initial reactant concentration was around 0.40, which over-predicts experimental observations (red dots). The simulation with the lower number of particles (N = 60) under-predicted the measurements, the ratio was around 0.25. have fairly large variability, the magnitude of which we do not endeavor to 519 quantify at this point.
520
The particle transport and reaction algorithm presented here has yet to be 521 extended to more complex reaction chains. This is not a theoretical problem 522 as reactions with multiple reactants or uneven stoichiometry as a series of 
